Comparisons of 2 x, 3 x, and 4 X sugarbeet (Beta vulgaris L.) lines and hybrids were made to determine the effects of ploidy level on sucrose yield and quality components in equivalent and non-equivalent hybrid populations. The relative order of importance for the components of recoverable sucrose was generally the same for all three ploidy levels, with root weight having the greatest path coefficient direct effect and juice purity the least.
N EARLY all commercial sugarbeet (Beta vulgaris
L.) cultivars grown in the United States are diploid monogerm (2n --2 X --18). The use of diploids in the United States has been fostered by the availability of diploid monogerm lines with good combining ability, adequate disease resistance, cytoplasmic male sterility, good seed production, and by a lack of convincing evidence for superiority of polyploids. In Europe, however, polyploid cultivars, especially triploids, occupy the majority of the market. European sugarbeet breeders have maintained that triploids are superior. This superiority, as in other crops, presumably exists because polyploidy allows the accumulation of larger numbeis of genes conditioning yield, and because a higher degree of heterozygosity is attainable through maximum utilization of available allelic variability (7, 12, 14) . A common concern about polyploid sugarbeet cultivars is the presence of aneuploidy which causes lower seed viability due to aneuploid mortality and embryo abortion (I0). Bosemark (3) reported a root yield decrease of about 10% due to aneuploidy in polyploid cultivars. However, the decrease was reduced to only 3% by the compensating effects of adjacent euploid plants. Hecker et al. (9) compared Ft hybrid sugarbeets as diploids, reciprocal triploids, and tetraploids. Although spedfic genotypes responded favorably to genome addition, no overall ' beneficial or detrimental effect was found for root yield or sucrose content in the triploid and tetraploid hybrids. In addition, the effect of genome addition on juice quality and the nonsucrose components of purity was detrimental or negligible.
The components of recoverable sucrose yield in sugarbeet are root weight, sucrose (percent by weight of sucrose in fresh root), and purity (ratio of sucrose to total soluble solids). The relative importance placed on each of these yield components by breeders attempting to increase sucrose yield has varied with the breeder. Smith and Hecker (16), using path coef£ident analysis, reported that in unselected diploid sugarbeet populations, root weight was a more iml~ortant yield component than sucrose pe.rcentage, ann more than twice as important as pmaty. However, root weight and sucrose contributed about equally in improved diploid populations. The importance of each character to recoverable sucrose was substantially greater than in unselected populations.
The purity of extracted sugarbeet juice is very important for sucrose recovery because soluble nonsucrose constituents impede sucrose crystallization and thereby lower the extraction of sucrose. Recently, Smith et al. (17) reported that K, betaine, and Na were followed NOa-N, amino N and sucrose content as the most important factors affecting purity in several unrelated diploid cultivars. Although the components of yield and quality (purity) are known in sugarbeet and some information on their relative contributions to recoverable sucrose has been reported for diploids, no comparative studies between polyploids and diploids have been reported in which the relative importance of yield and quality components were examined. Therefore, the objectives of the present study were to determine whether the components of sucrose yield and of purity were the same m diploid, triploid, and tetraploid sugarbeets, and whether the relative order of importance of the components was similar at the three ploidy levels, including reciprocal triploids.
MATERIALS AND METHODS
Data from two experiments were used to accomplish the objectives of the study, A different set of populations was used in each experiment. Experiment 1. Five tetraploid (4X) lines, 13 triploid (3X) hybrids, and 23 diploid (2X) entries consisting of 11 (2x 2x) hybrids and 12 open-pollinated x l ines w ere u sed. A ll triploids were synthesized using 2 x lines as females and 4 x lines as pollinators.
Eleven of the 13 triploids were produced using 2X cytoplasmic male steriles as females and 4 x lines as pollinators.
Two triploids were synthesized using the hypocotyl color seedling marker gene to identify hybrids. Although several of the 2 x lines had been converted to 4 x and subsequently were used as pollinators to obtain 3 x hybrids, only a few of the 2 x and 3 x hybrids can be considered as equivalents, having had the same pollinator in both the 2X and 4 x condition. Consequently, throughout this report, the entries from experiment 1 are referred to as "non-equivalent" 2X, 3X, and 4 x entries.
Experiment 1 was grown in 1975 Experiment 2. The eight inbred (S~) X l ines a nd e quivalent hybrids used in this experiment were described in detail by Hecker et al. (9) . These essentially random inbreds had been converted to 4 x. The 2 x and 4 X equivalent inbreds were used to synthesize sets of 12 equivalent 2X, reciprocal 3 x, and 4 x hybrids.
The reciprocal 3 x hybrids, 4 x ~ )< x ã nd 2 x ~ X 4X 6 , are hereafter designated as 3X(4 X ~) and 3x(4x 6 )" The four sets, called "equivalent" hybrids throughout this report, were not high yielding types. These equivalent hybrids were planted in 1967 at Fort Collins, Colo., in a randomized complete block design with six replications.
Plots consisted of single 6.7-m long rows bordered on each side by a medium vigor competitor row (56 cm between rows). The data in both this experiment and exeriment 1 were analyzed by path coefficient analysis to determine the relative contributions of the components of sucrose yield and of purity. Plot row length in both experiments was adjusted for incomplete stands.
Analytical Methods. For both experiments, individual rows were harvested, hand-topped, washed, and the roots were weighed. Raw juice was expressed from laboratory root-pulp samples (brei) from each plot. "'Laboratory thin juice" was prepared by calcium oxide and phosphoric acid clarification of raw juice (5). Laboratory thin juice purity, usually called simply "purity," the ratio of sucrose to total solids, was calculated from refractometric measurement of total solids and polarimettic determination of sucrose. Root sucrose content, expressed as percent of root fresh weight, was determined by standard lead-clarification methods, similar to those outlined by A.O.A.C. (2. Recoverable sugar yield (recoverable sucrose) was calculated from root yield, sucrose content, and purity (1).
Samples of raw juice (experiment 1) or thin juice (experiment 2) were analyzed for chemical components known to be major constituents of non-sucrose "impurities." Sodium and K were determined by flame photometry with lithium internal standard, nitrate was determined by specific ion electrode, and " Recoverable sucrose and root weight are in kg/plot; sucrose and purity are in percent; other characters are in rag/100 ml of thin juice.
chloride was determined by coulometric titration with silver. Ash content was estimated from specific conductivity. Three constituents were determined by spectrophotometry: amino N after reaction with ninhydrin, betaine as the reineckate, and total N by direct nesslerization of acid-digested samples (13). Means and variances were analyzed for each year and across years for experiment 1. We calculated all possible simple correlations among characters for each 2 X, 3 x, and 4 x group within each year and across the 2 years for experiment 1. Pathcoefficient analysis (6, 11) was then applied to models for yield of recoverable sucrose and for purity. In the sucrose yield path models for both experiments, recoverable sucrose was the dependent variable; root weight, sucrose percent, and purity were the independent variables. In the quality path models for experiment 1, purity was the dependent variable; root weight, sucrose percent, chloride, amino N, NO3-N, total N, betaine, Na, and K were the independent variables.
For experiment 2, purity was the dependent variable, and Na, K, and total N were the independent variables.
RESULTS

Yield and Yield Component Mean Analyses.
The means and ranges for the non-equivalent and equivalent 2 x, 3 x, and 4 x cultivars are presented in Tables 1 and 2. Analysis of variance and means for the 2 years of the non-equivalent entries from experiment 1 showed no significant year effects, nor any ploidy level by year interactions. Error terms for the 2 years were homogeneous for all yield and quality characters; hence, combined year analyses were made. Corn-. parisons of the 12 open-pollinated 2× lines and the l l (2×)< 2X) hybrids showed no significant group differences, and hence, mean comparisons in Tables 1  and 2 are for all 23 diploid entries.
For recoverable sucrose and one of its components, root weight, the 3× hybrids were significantly, greater than the 4 X lines for the nonequivalent entries (Table 1), but not better than the average of the X ( x ) and 3× (4 x $ ) hybrids of the equivalent group (Table 2) . The x hybrids f rom t he n on-equivalent group had about the same sucrose percentage as the 2× entries of the non-equivalent group. Purity of the individual 2× non-equivalent entries was generally greater than that of the comparable 3 x hybrids or 4 x entries, although not significantly so when compared as groups. f R~ values for recoverable sucrose with root weight, sucrose percent, and purity as the independent variables were 94.9, 98.1, and 92.1 for 2~, 3)6 and 4X path models, respectively.~ R~ values for purity with Na, K, NO~-N, amino N, total N, chloride, ash, betaine, root weight, and sucrose as independent variables were 82.9, 80.2, and 90.2 for 2x, 3x, and 4× path models, respectively.
Of particular importance are the higher mean values for recoverable sucrose, root weight, sucrose percentage, and purity in the 3 x (4 x ~ ) hybrids as compared to the reciprocal 3× (4× ~ ) hybrids (Table 2 ). These differences were significant for recoverable sucrose, root weight, and sucrose, but not for purity. In addition, the 3× (4× ~ ) hybrids were lower in K, Na, and total N than their equivalent (3× (4× ~ ) brids. In the case of K and total N, these differences were significant. Purity was greater for 2× hybrids as a group compared to equivalent 3~ and 4× hybrids. In addition, 3× hybrids as a group were slightly higher in purity than 4× entries. The reduced purity with increasing ploidy level was universally accompanied by increased levels of the nonsucrose chemical components in both the non-equivalent and equivalent groups (Tables 1 and 2) .
For recoverable sucrose, 52 and 67% of the 2~ nonequivalent and equivalent groups, respectively, exceeded the test means. Of the non-equivalent 3 x hybrids, 53% exceeded the 2-year test mean, while 44% of the equivalent 3× hybrids exceeded their test mean. None of the 4 x non-equivalent entries exceeded the test mean, but 29% of the 4X equivalent hybrids did exceed the test mean. The difference between these two 4× groups might be accounted for by the equivalent 4X entries being true hybrids, whereas the non-equivalent 4 X entries were auto-tetraploid lines. In the equivalent hybrid group, 60% of the 3× (4× ~ ) hybrids exceeded the test mean for recoverable sucrose, compared to only 17% of the reciprocal 3× (4 x ~ ) hybrids.
Purity and Purity Component Mean Analyses. In general, purity decreased as ploidy level increased, although the decrease was not always significant (Tables 1 and 2). In addition, the quantities of the nonsucrose chemical components present in the raw juice " R" valuse for recoverable sucrose with root weight, sucrose percent and purity as the independent variables were 96.5, 98.1, 98.6, and 99.4 for 2x, 3x(4x 9 }, 3X(4x ~ }, and 4X path models, respectively. increased with ploidy, with two exceptions. In the non-equivalent group, NO3-N increased from the 2× to the 3× group but decreased somewhat in the 4× group (Table 1) . Chloride, likewise, increased from the 2 x to the 3 x or 4 x group. Significantly less K and total N were detected in the 3 x (4 x ~ ) hybrids as compared to the 3 x (4 x ~ ) hybrids (Table 2) . Also, the 3 x (4 x ~ ) hybrids had a wider range for these components than did the 3 x (4 x ~ ) hybrids, mostly because of higher upper extreme values.
Path Coefficient Analyses of Yield Components. The direct effects (p) from the path coefficient analyses and the corresponding total correlation coefficients (r) for the variables affecting sucrose yield and purity are presented in Tables 3 and 4 . The relative order of importance for the components of recoverable sucrose was generally the same for all three ploidy levels, with root weight having the largest direct effect and purity the least. In past studies with 2 X cultivars, we found that sucrose percentage had a larger direct effect on recoverable sucrose than did purity (16). Similar results were found in this study for the 2 x non-equivalent entries, but not for the 2~ equivalent hybrids. The path coefficients of --0.167 and 0.445 for sucrose and purity, respectively, indicate that purity was more than twice as important as sucrose content in its effect on recoverable sucrose for the 2X equivalent hybrid group (Table 4) . Whether the difference between the 2 x equivalent and non-equivalent groups can be attributed to their breeding history is not known. The 2 x equivalent hybrids from experiment 2 were Fl's developed by crossing highly inbred lines. In contrast, the 2 x non-equivalent entries of experiment 1 were diploid cultivars and F~ hybrids developed from noninbred parent stocks.
In both the equivalent and non-equivalent 4 x groups, the relative importance of purity to recoverable sucrose was nearly the same as that of sucrose percentage.
Path Coefficient Analyses of Purity Components. All of the non-sucrose chemical characters had an adverse effect on purity, as indicated by the negative correlation coefficients (Table 3 and 4) . When these correlation coefficients were partitioned into direct and in-direct effects by path coefficient analysis, some direct effect differences among the ploidy levels were detected. Only selected nonsucrose chemical characters were compared because these so-called "impurity components" most impede sucrose crystallization in processing. Sodium, betaine, and amino N were the most important variables in the 2 x and 3× non-equivalent groups, disregarding the conglomerate characters conductivity ash and total N. In the 4 x non-equivalent group, nitrate N, K, and Na were the three most important characters affecting purity (Table 3) . Since only three nonsucrose chemical characters were determined for the equivalent hybrid group, it is not possible to identify specifically one of them as the most important character affecting purity. However, the high path coeffidents (p values, Table 4 ) for total suggest that one or more of the nitrogenous characters such as NOs-N, amino N, or betaine strongly affected juice purity. Large differences were found between the path coefficients of the 3 x (4× ~ ) and 3X(4 x ) hybrids for Na (p ----0.259 vs. p = 0.002). This indicates that Na had a much greater direct effect on purity in the 3 x (4 x ~ ) hybrids than in their reciprocal counterparts.
DISCUSSION
From these experiments, we detected some influence or effect of ploidy level on the relative contribution of yield and quality components to sucrose yield and purity. In experiment 1, sucrose content and purity contributed differently to recoverable sucrose m the 4 x group relative to the 2 x and 3 x non-equivalent populations. It is significant from a practical standpoint, however, that these direct effects were similar m the 2× and 3 x entries.
Even though the 2X and 3 x entries in this experiment were not commercial cultivars, some could be considered quasi-commercial, and hence the group may reflect the performance of acceptable adapted commercial varieties. The different component contribution in the 4× entries may be academic, since tetraploid sugarbeets have never been found to yield as well as diploid or triploid types.
In experiment 2, the equivalent entries exhibited even more differences, including differences in the relative contribution of root yield to recoverable sucrose in the 2X, 3 x, and 4 x entries. In experiment 2, the negative direct effect (--0.167) of sucrose content on recoverable sucrose in the 2X entries was probably peculiar to these relatively low-producing lines, and would not be expected to occur in commercial cultivars.
A previous report (16) on random and improved diploid sugarbeet populations established that the relative importance of sucrose yield components differed between populations, presumably because of breeding improvements.
The direct effects of the individual chemical components on purity appear to vary somewhat, but there were no particularly distinctive changes in direct effects, either desirable or undesirable, of great practical importance in the 2 x and 3x groups.
Of greater interest were the direct effects of the components of recoverable sucrose and purity in the presence of ploidy group mean differences. Recoverable sucrose was similar in the 2 x, 3 x(4x ~), and x groups in experiment 2 (Table 2) . However, the direct effects of the components of recoverable sucrose were different (Table 4 ). This represents a ploidy level effect on the component contribution, without affecting the recoverable sucrose mean. On the other hand, recoverable sucrose of the 3 x (4 x ~ ) group was significandy lower than the 2 x and 3 x (4 x ~ ) groups, but the component direct affects of the 3 x (4 x ~ ) and x ( x ~ ) groups were si milar. He nce, the difference between the means of the 2 x and 3 x (4 x ~ ) groups must have been due not to ploidy level per se, but to maternal differences. The apparent obvious explanation for the differences between the means of the reciprocal 3 x groups is maternal influence of similar magnitude on all components.
The differences between 3 X (4 x ~ ) hybrids and their reciprocal 3 X (4 x ~ ) equivalents are particularly noteworthy in light of recent reports by other investigators. Fitzgerald (8) reported a 6~o difference sugar yield in favor of triploid seed harvested from tetraploid plants. We found an average increase of 17% for recoverable sucrose yield of 3× (4 x $ ) hybrids in comparison with the reciprocals (Table 2) Significant increases of 13 and 5%, respectively, for root weight and sucrose percent undoubtedly accounted for most of the increase in recoverable sucrose of the 3 x(4X 9) hybrids.
As indicated, the 3×(4 x 9 ) hybrids also were lower than the X ( 4X8) hybrids in extract concentration of Na, K, and total N, with a decrease of 9, 17, and 12%, respectively. The percent decrease in impurity components in 3 X (4 x 9 ) hybrids relative to their reciprocal triploids is even greater if data are expressed in mg/100 g sucrose (--13, --20, and --16% for Na, K, and total N, respectively.
Bosemark (4) suggests that yield advantage may "... an advantage of the 4:3 ratio of perisperm: embryo chromosome number in triploid seed from tetraploid females compared with the 2:3 ratio in the reciprocal cross. This could explain the faster early development of triploid seedlings harvested from tetraploids, which ,m, ay be at least part of the reason for their better yield. Although this hypothesis may provide an explanation for reciprocal yield differences, it is not a plausible explanation for lower quantities of the nonsucrose characters in the 3 x (4 X ~ ) hybrids.
This study demonstrated that the relative order of importance of components of recoverable sugar was not changed by ploidy level. However, purity generally decreased as ploidy level increased. This reduction in purity was accompanied by an increase in nonsucrose chemical components of the extract.
The demonstrated reciprocal triploid differences for yield and quality characters may be of considerable importance in commercial sugarbeet production. This warrants some consideration and discussion of the yield advantage of 3~ (4 x ~) hybrids vs. the somewhat difficult and costly production of high quality triploid seed from tetraploid female parents.
Monogerm triploid hybrids marketed in western Europe have been produced on diploid male-sterile plants. Bosemark (4) gave several reasons for this. First, European breeders had developed many welladapted tetraploid populations with potential value as pollinators.
Secondly, development of good 4 X monogerm male-sterile lines without access to adapted diploid monogerm, type O (nonrestorer) populations would have been difficult and would have delayed introduction of monogerm seed. In addition, at the time, there was no evidence of differences between the reciprocal crosses for yield or chemical characters, but there was evidence of germination and field emergence problems in monogerm triploid seed harvested on tetraploid females. In the production of triploid hybrids from diploid male-sterile plants, European breeders had to cope with several problems which appear to be inherent to tetraploid pollinators. Paramount among these have been deficiencies in pollen production, both in quantity and quality. Aneuploid gametes and delayed diurnal release of pollen [because tetraploids require lower atmospheric humidity to release pollen (15)] contribute to these deficiencies. This has necessitated use of higher proportions of tetraploid pollinators to diploid male-steriles. Even with higher proportions of pollinators, humid early mornings and damp weather have left male-sterile flowers open to contamination by stray diploid pollen. Obviously, the use of diploid pollinators on tetraploid male-steriles would overcome some of these difficulties. But data of Lahousse as reported by Bosemark (4), indicated that raw seed yield from tetraploid monogerm malesteriles was only about 50% of that from diploids, although the percentage of good quality processed seed did not differ much from that obtained with diploid male-steriles.
The evidence of 3x (4x 9) sugar yield superiority as presented in this and other cited papers and the question of seed production capabilities of 3^ (49 ) hybrids and their reciprocal equivalents merit additional research.
